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We experimentally quantify the contribution of magnetic dipole (MD) transitions to the near-
infrared light emission from trivalent erbium-doped yttrium oxide (Er3+:Y2O3). Using energy-
momentum spectroscopy, we demonstrate that the 4I13/2→
4I15/2 emission near 1.5 µm originates
from nearly equal contributions of electric dipole (ED) and MD transitions that exhibit distinct
emission spectra. We then show how these distinct spectra, together with the differing local density
of optical states (LDOS) for ED and MD transitions, can be leveraged to control Er3+ emission in
structured environments. We demonstrate that far-field emission spectra can be tuned to resem-
ble almost pure emission from either ED or MD transitions, and show that the observed spectral
modifications can be accurately predicted from the measured ED and MD intrinsic emission rates.
PACS numbers: 32.50.+d, 32.70.-n, 42.50.Ct, 78.66.-w
I. INTRODUCTION
Trivalent erbium ions are important light emitters
for both fundamental and applied science. The near-
infrared 1.5 µm 4I13/2→
4I15/2 transition in Er
3+ coin-
cides with the low-loss window of silica fibers used in
optical telecommunication. As a result, stimulated emis-
sion from Er3+ is the basis for many fiber lasers and
amplifiers.1 For decades, spontaneous emission from Er3+
ions has been investigated for applications in integrated
optics,2–6 including recent work exploring enhanced Er3+
emission within optical nanostructures as the basis for
chip-scale devices.7–13 Spontaneous emission from Er3+
also serves as the basis for the upconverting phosphors
used in silicon-based near-infrared cameras,14 and re-
cent work has shown how upconverting erbium-doped
nanoparticles can serve as low-background, photo-stable
light sources for microscopy and bio-imaging.15–17
In addition to its technological importance, Er3+ light
emission has been the subject of numerous scientific stud-
ies, including canonical experiments on the study of light-
matter interactions. For example, erbium-doped materi-
als were used in early demonstrations of controlled spon-
taneous emission through engineering the local density
of optical states (LDOS).18–20 Erbium emitters have also
been used to investigate real and virtual cavity models
for local field corrections.21 In recent theoretical works,
the multipolar nature of the 4I13/2→
4I15/2 transition in
Er3+ has garnered new interest as a potential system
with which to study and enhance magnetic light-matter
interactions.22–27
Although its emission is generally modeled as
solely originating from forced electric dipole (ED)
transitions,8,9,18–20 the 4I13/2→
4I15/2 transition in Er
3+
is directly allowed by magnetic dipole (MD) selection
rules.28 Theoretical studies suggest that Er3+ emission
near 1.5 µm originates from a combination of ED and MD
transitions.28–31 Although an indirect lower bound can
be inferred by comparing calculated MD emission rates
with observed lifetimes,29,31 direct experimental quan-
tification of the MD contribution to Er3+ emission has
been complicated by the degenerate nature of its ED and
MD transitions. Such direct quantification is necessary if
erbium-doped materials are to become an experimental
test bed for studying magnetic light-matter interactions,
or if the control over MD transitions, as recently demon-
strated with trivalent europium and chromium,32–34 is to
become an integral part of erbium technology.
In this paper, we leverage energy-momentum
spectroscopy35 to distinguish the spectrally overlapping
ED and MD transitions in erbium-doped yttrium oxide
(Er3+:Y2O3), and thus provide direct measurements of
the MD contribution in a model system for experimental
investigation. Specifically, we demonstrate that the
4I13/2→
4I15/2 emission near 1.5 µm originates from
nearly equal contributions of ED and MD transitions
that exhibit distinct emission spectra. By controlling
the spacing between a gold mirror and an Er3+:Y2O3
emitter layer, we modify the local optical environment
and consequently alter the observed ratio of ED to
MD emission in far-field spectra. Contrary to previous
models for Er3+ emission based on ED transitions,
we show that these spectral modifications can only be
modeled by considering the contributions of both ED
and MD transitions. We also present analysis to help
explain how this simple system can tune Er3+ emission
near the 1.5 µm telecommunication band to resemble
either the ED or MD spectra, and then, briefly discuss
the implications for nano-optical measurements and
nanophotonic device design.
II. QUANTIFYING ED AND MD EMISSION
An erbium-doped emitter layer was deposited onto a
quartz coverslip by sequential electron-beam evaporation
of 94 nm Y2O3, 30 nm Er
3+-doped Y2O3 (3.5 at. % ), and
223 nm Y2O3. The sample was subsequently annealed at
900 ◦C under oxygen flow (0.5 lpm) for 45 minutes. An-
nealing, together with the top and bottom yttria buffer
layers, helps to improve the emitter layer crystallinity,
and the resulting emission closely resembles the pub-
lished spectra for nanocrystalline Er3+-doped yttria.36
(The emission spectra with and without the pure yttria
buffer layers are shown in Supplemental Figure S1.37)
To quantify the ED and MD contributions to light
emission, we use energy-momentum spectroscopy.35 This
technique measures the angular distribution of light emis-
sion as a function of wavelength, and distinguishes ED
and MD emission by their distinct radiation patterns.
Here, the energy-momentum spectra were obtained from
the Er3+:Y2O3 layer under continuous excitation by a
532 nm laser (Coherent Verdi) with a setup similar to
that reported in Ref. 38. An inverted microscope (Nikon
TE2000) with an oil-immersion objective (100x, 1.3 NA)
was used to both pump the emitters and collect their
fluorescence. The back focal plane of the objective was
projected through a linear polarizer onto the entrance slit
of an imaging spectrograph (Princeton Instruments Iso-
Plane) using a 100 mm focal length Bertrand lens. This
polarized Fourier image was dispersed by the spectro-
graph, and the resulting energy- and momentum-resolved
spectra were recorded by a 2D InGaAs focal plane array
(Princeton Instruments NIRvana).
Figures 1(a) and 1(b) show the measured energy-
momentum spectra for s- and p-polarization, respec-
tively. Figure 1(c) shows the spectrally resolved ED
and MD intrinsic emission rates extracted from theoret-
ical fits to the p-polarized data. The relative rates were
first obtained using the methods previously described in
Ref. 35 and then converted to absolute units by normaliz-
ing the integrated MD rate over the whole 4I13/2→
4I15/2
transition to the value obtained from free-ion calculations
in Ref. 31 (
∫
ΓMD0 dλ = 1.74
3
× 10.17 s−1 = 53.6 s−1).39
The measured emission rates in Fig. 1(c) reveal distinct
ED and MD spectra. Whereas the MD emission is con-
centrated between 1525 and 1565 nm, the ED emission
is more evenly distributed between 1450 and 1610 nm.
Despite the strongly mixed nature of the overall emis-
sion, individual emission peaks tend to be dominated by
either ED or MD transitions. To highlight this effect
and also to demonstrate the accuracy of the theoretical
fits, Figs. 1(d)-1(f) show the experimental and theoretical
momentum-resolved cross sections at three peak wave-
lengths. At 1517 nm, ED transitions account for 79% of
the intrinsic emission, whereas 1548 nm emission is dom-
inated by over 77% MD transitions. There are only a few
peaks where emission from ED and MD transitions are
comparable, such as 1564 nm. Integrating the intrinsic
emission rates in Fig. 1(c) over the full spectral range
from 1450 to 1610 nm, we find that MD transitions ac-
count for 49.8% of the total intrinsic 4I13/2→
4I15/2 emis-
sion in Er3+:Y2O3. These results are consistent with the
47% lower bound on the MD contribution, which can be
inferred from the observed lifetime and calculated MD
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FIG. 1. (Color online) Quantifying the near-infrared ED and
MD transitions in Er3+:Y2O3 by energy-momentum spec-
troscopy. (a, b) Experimental energy-momentum spectra ob-
tained for s- and p-polarization, respectively. (c) Spectrally
resolved emission rates, ΓED0 (blue) and Γ
MD
0 (red), obtained
from fitting the experimental momentum cross sections at
each wavelength. Inset shows a schematic of the measured
sample. (d-f) Comparison of experimental data and theoreti-
cal fits for three peak wavelengths (1517, 1548, and 1564 nm)
as highlighted by dashed lines in (c).
emission rates reported in Ref. 29. (The directly mea-
sured 49.8% value is also within the 33% to 59% MD
contribution range, which can be inferred from the Judd-
Ofelt analysis in Ref. 29.) These experimental results
thus reaffirm theoretical predictions that Er3+:Y2O3 is a
strongly mixed ED and MD emitter, and by character-
izing the distinct ED and MD contributions, may open
new opportunities for the design of Er3+-doped devices.
III. MODIFYING ED AND MD
CONTRIBUTIONS
The strong and distinct contribution of MD transitions
can provide a method to tune the near-infrared emission
of Er3+-doped thin films. As demonstrated previously
with the spectrally distinct 5D0→
7F1 MD and
5D0→
7F2
ED transitions in Eu3+, changes to the local optical envi-
ronment can tune emission spectra by selectively enhanc-
ing either ED or MD emission.32 Here, we use a similar
experimental configuration to show how changes to the
LDOS in close proximity to a gold mirror can be used
to modify the relative ED and MD contributions to the
4I13/2→
4I15/2 emission from Er
3+:Y2O3.
To this end, we deposited a staircase-like structure
comprising twenty-two different thickness spacer layers of
Y2O3 (in ∼33 nm intervals from 0 to 697 nm) by masked
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FIG. 2. (Color online) LDOS-
based tuning of Er3+:Y2O3 emis-
sion near a gold mirror. (a)
Normalized experimental spectra
measured for different emitter-
mirror separation distances, d;
each spectra is normalized to
its total integrated intensity.37
(b) Normalized theoretical spectra
predicted by the three-layer LDOS
model using ED and MD intrinsic
rates from Fig. 1(c). (c, d) Com-
parison of experimental and the-
oretical spectra for d = 219 nm
and d = 441 nm as indicated by
dashed white lines in (a, b). Inset
in panel (d) shows a schematic of
the sample with different thickness
spacer layers between the emitter
layer and gold mirror.
electron-beam evaporation on top of the aforementioned
emitter sample measured in Fig. 1. (The resulting spacer
layer thicknesses were monitored during deposition using
a quartz oscillator and subsequently confirmed by ellip-
sometry on a silicon reference sample.) On top of the
staircase, we then deposited a 5 nm Ti adhesion layer
and 200 nm gold film by electron-beam evaporation.
Figure 2(a) shows how the experimental spectra change
with the emitter-mirror separation distance, d, as mea-
sured from the center of the Er3+:Y2O3 emitter layer.
This 2D plot displays the far-field emission spectra mea-
sured from all twenty-two steps through the quartz sub-
strate using a 60x, 0.85 NA objective under continuous
532 nm laser excitation. As d increases, the normalized
emission spectra show periodic oscillations between re-
gions where it resembles either the MD or ED intrinsic
emission rates shown in Fig. 1(c). The experimental spec-
tra vary from being concentrated in several pronounced
peaks near 1545 nm and being spread out more evenly
over a dozen peaks between 1450 and 1610 nm.
The observed spectral changes can be accurately pre-
dicted by modeling how the different LDOS for ED and
MD transitions changes with emitter-mirror separation
distance.32,33 Figure 2(b) shows the normalized theoret-
ical emission spectra obtained using the intrinsic emis-
sion rates shown in Fig. 1(c). To model the LDOS vari-
ations, we use the three-layer interference model from
Chance, Prock, and Silbey,40 but unlike prior work with
spectrally distinct ED and MD transitions,32,33 we must
explicitly consider the overlapping ED and MD con-
tributions in Er3+. Therefore, we model the emission
rate at each wavelength λ and distance d as Γ(λ, d) =
ΓED0 (λ)ρ˜
ED(λ, d) + ΓMD0 (λ)ρ˜
MD(λ, d). Here, ΓED0 and
ΓMD0 are the spectrally resolved ED and MD intrin-
sic emission rates obtained by energy-momentum spec-
troscopy, which must be scaled by the appropriate ED
and MD LDOS at the emitter location, ρ˜ED and ρ˜MD.37
Figures 2(c) and 2(d) compare the experimental data
and theoretical predictions for the two different emitter-
mirror distances, 219 and 441 nm, denoted by the dashed
white lines in Figs. 2(a) and 2(b). The theoretically pre-
dicted spectra (solid red lines), which take into account
the mixed ED and MD nature of emission, show excel-
lent agreement with the normalized experimental spectra
(shaded orange regions). To emphasize that the spec-
tral changes could not be predicted without considering
the MD contribution, we also plot theoretical spectra as-
suming that all emission originates from ED transitions
(dashed black lines). As the emission bandwidth (∼150
nm) is small compared to the center emission wavelength
(∼ 1.5 µm), the ED only model predicts almost no change
in spectral shape (see Supplemental Figure S2).37 There-
fore, one must consider both ED and MD transitions to
accurately predict the observed spectral variation.
To quantify the extent of the spectral variation, we
can calculate what fraction of the predicted spectra orig-
inates from ED and MD transitions. For example, Figs.
3(a) and 3(b) show the distinct ED and MD contribu-
tions to the far-field emission spectra for the d = 219
and 441 nm cases, respectively. Note that for the 219
nm case, emission appears to be dominated by ED tran-
sitions; the fractional MD contribution to the integrated
emission spectra, as calculated by the branching ratio
aMD =
∫
ΓMDdλ/
∫ (
ΓED + ΓMD
)
dλ, is only 7.8%. In
contrast, the emission for the 441 nm case is dominated
by MD transitions: aMD = 91.3%. Thus, for this highly
mixed ED and MD emitter system, we can selectively
tune over 90% of the total emission to either ED or MD
transitions using a mirror and proper spacer layer.
The strong variations in the ED and MD contributions
are a direct result of the near-equal integrated ED and
MD intrinsic emission rates. Since the intrinsic ED and
MD contributions are balanced, changes to the LDOS can
easily promote either pathway to emission. To demon-
strate this effect, we plot in Fig. 3(c) the fractional ED
and MD contributions, aED and aMD, as a function of
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FIG. 3. (Color online) Analysis of ED
and MD contributions. (a, b) Rela-
tive ED and MD contributions to the
emission spectra as predicted by the-
oretical calculations for the d = 219
and 441 nm cases. (c) Fractional con-
tribution of the ED and MD transi-
tions integrated over the full spectral
range from 1450 to 1610 nm. (d) Com-
parison of the experimentally observed
and theoretically predicted normalized
intensity variations at three represen-
tative wavelengths: 1517 nm (blue),
1548 nm (red), and 1564 nm (black)
as a function of relative path length,
N. The intensity traces in panel (d)
present vertical cross-sections through
Figs. 2(a) and 2(b), in which each cross-
section has been normalized to its max-
imum value to facilitate side-by-side
comparison.
emitter-mirror distance, d. Both of these contributions
periodically oscillate around a mean value near 50%. To
intuitively understand the variation with distance, we de-
fine a round-trip relative path length in terms of wave-
length units: N ≡ 2nrd/λ, where nr=1.74 is the re-
fractive index of the spacer layer. The top label across
Fig. 3(c) shows the relative path length N in terms of
the central peak wavelength λ = 1536 nm. It is clear
that the MD contribution is enhanced for integer val-
ues of N, whereas the ED contribution is enhanced for
half-integer values. This is consistent with an intuitive
model of ED and MD enhancement in terms of interfer-
ence near the mirror of the radiated electric and magnetic
fields, respectively. For a perfect metal mirror, the phase
of the reflected electric field is shifted by pi. Therefore,
for an ED transition, one would expect destructive inter-
ference to suppress emission at integer values of N, while
constructive interference would enhance ED emission at
half-integer values. In contrast, the reflected magnetic
field from a perfect mirror acquires no phase shift, and
thus, the opposite should occur for MD transitions. MD
emission should be enhanced at integer values of N and
suppressed at half-integer values.
This simple path length model can also be used to
understand the relative intensity changes at each wave-
length. In Fig. 3(d), we plot the experimentally observed
and theoretically predicted intensity variations as a func-
tion of N for the three peak wavelengths considered ear-
lier in this paper. At wavelengths where either ED or
MD transitions dominate, such as 1517 and 1548 nm,
the intensity follows the trend of the ED or MD curves
in Fig. 3(c). However, when the spectrally resolved in-
trinsic ED and MD emission rates are nearly equal, as is
the case at 1564 nm, there are no significant variations
in the intensity contribution with path length. (Minor
variations observed in the normalized intensity at 1564
nm result from dispersion effects and small asymmetries
in ED and MD rates.) In this way, the normalized inten-
sity variation at each wavelength can be approximated
by simply scaling the ED and MD curves in Fig. 3(c) by
the appropriate intrinsic ED and MD rates from Fig. 1.
IV. CONCLUSION
In conclusion, we have experimentally quantified the
ED and MD contributions to the 4I13/2→
4I15/2 transition
in Er3+:Y2O3. Energy-momentum spectroscopy mea-
surements demonstrated that MD transitions account for
∼50% of the intrinsic emission around 1.5 µm in this sys-
tem, and more importantly, provided a direct means to
distinguish the spectrally resolved ED and MD intrin-
sic emission rates. These measurements revealed distinct
spectra for ED and MD emission, which were then lever-
aged to tune the far-field emission spectra in close prox-
imity to a gold mirror. We showed that the observed
spectral modifications could be accurately predicted from
the measured ED and MD intrinsic rates using analytical
calculations of the LDOS in a multilayer system. Fur-
thermore, we showed that the observed spectral varia-
tions are consistent with a simple model based on relative
path length changes with emitter location.
The change of observed spectra with emitter location
suggests a range of device designs that could be used to
modulate Er3+ emission in the 1.5 µm telecommunication
band. As recent experiments with Eu3+ have shown,33
dynamic control of the LDOS can modify emission spec-
tra at sub-lifetime speeds. Thus active structures, which
rapidly vary the emitter position or relative path length,
could help pave the way for new high-speed directly mod-
5ulated erbium light-emitting devices.
From a broader scientific perspective, the results pre-
sented here help define a new system with which to study
magnetic light-matter interactions. In particular, the
spectrally resolved emission rates for Er3+:Y2O3 could
help guide new experiments to test recent theoretical pre-
dictions for the modified ED and MD emission rates near
optical nanostructures, including metallic antennas,23,41
dielectric particles,24–26 and split-ring resonators.27 As
compared to shorter wavelength MD transitions in Cr3+
and Eu3+, the near-infrared MD transitions in Er3+ pro-
vide a much more practical system for which to design
and fabricate resonant nanostructures. The methods pre-
sented here could also be applied to study the MD tran-
sitions in other promising host materials and ions.31
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